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The specific activation of Toll-like receptors (TLRs) has potential utility for a variety of therapeutic indications including antiviral immunotherapy and as vaccine adjuvants. TLR7 and TLR 8 may be activated by their native ligands, single-stranded RNA, or by small molecules of the imidazoquinoline family. However the use of TLR7/8 agonists for in vivo therapy is limited by instability, in the case of RNA, or systemic biodistribution and toxicity in the case of small molecule agonists. We hypothesized that unique lipid-like materials, termed "lipidoids," could be designed to efficiently deliver immunostimulatory RNA (isRNA) to TLR-expressing cells to drive innate and adaptive immune responses. A library of lipidoids was synthesized and screened for the ability to induce type I IFN activation in human peripheral blood mononuclear cells when combined with isRNA oligonucleotides. Effective lipidoid-isRNA nanoparticles, when tested in mice, stimulated strong IFN-α responses following subcutaneous injection, had robust antiviral activity that suppressed influenza virus replication, and enhanced antiovalbumin humoral and cell-mediated responses when used as a vaccine adjuvant. Further, we demonstrate that whereas all immunological activity was MyD88-dependent, certain materials were found to engage both TLR7-dependent and TLR7-independent activity in the mouse suggestive of cell-specific delivery. These lipidoid formulations, which are materials designed specifically for delivery of isRNA to Toll-like receptors, were superior to the commonly used N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate-RNA delivery system and may provide new tools for the manipulation of TLR responses in vitro and in vivo.
innate immunity | dendritic cell | drug delivery | high-throughput screening T he development of vaccine adjuvants has focused on innate immune activation, which is an important early aspect of the protective immune response (1) (2) (3) (4) (5) . A first step in triggering innate immunity is the activation of pattern recognition receptors (PRRs) that allow for identification of pathogens without the need for prior education of an adaptive response. The Toll-like receptors (TLR) recognize conserved structures among a diverse group of pathogens (2) . Nucleic acids can be recognized by TLRs 7, 8 , and 9, which comprise a closely related subfamily whose expression differs by species and cell type, and whose function is compartmentalized to the endosome (2, 6, 7) . RNA molecules that directly stimulate innate immune responses through mechanisms such as the TLR pathways have been functionally termed as immunostimulatory RNA (isRNA) (8) . In humans, TLR7 is highly expressed and functional in plasmacytoid dendritic cells (PDCs) and B cells, whereas TLR8 expression is localized mostly to monocytes, myeloid dendritic cells (MDCs), and monocytederived dendritic cellss (moDCs) (9) . The engagement of TLRs 7 and 8 results in a characteristic type I interferon response (e.g., IFN-α), promotion of an antiviral state with induction of IFN-stimulated genes, and suppression of viral replication (5, (10) (11) (12) (13) . TLR activation also leads to a coordinated Th1-biasing cytokine profile (1) that increases immune surveillance of cancer (7) and stimulates adaptive immunity by providing the necessary "danger signals" for efficient production of T-cell-mediated responses and class switching to high-affinity antibodies (1, 14) .
Recent advances in characterizing and producing defined antigens has led to a plethora of vaccine targets, but protein vaccination alone lacks the immunostimulatory danger signals present in live attenuated or inactivated pathogen preparations (5, 15) . By increasing coupling of innate and adaptive responses (4), introducing TLR stimulation as a vaccine adjuvant may be useful for improving immune responses to vaccines. However, clinical use of synthetic small molecule TLR7 and TLR8 agonists, such as imiquimod, in cancer and infectious disease (3, 5) has been restricted to topical application to avoid systemic distribution, exuberant activation of innate immune responses (3, 16) , and off-target activity (17) . Targeted delivery of nucleic acid agonists may allow for localized activation of specific cells without the side effects of systemic small molecule agonists. Utilization of unprotected small single-stranded RNAs (ssRNAs), the natural ligands for TLR7/8 (6, 18) , is impractical due to low stability, nuclease degradation (19) (20) (21) , and the requirement of endosomal uptake for induction of TLR7/8 responses (11, 18, 22) . Drug delivery systems have been shown to enhance both the efficiency and immunostimulatory side effects of siRNAs (23) (24) (25) (26) yet to our knowledge no systems designed specifically for delivery of isRNAs to TLRs have been reported.
We hypothesized that controlled delivery of isRNA to TLR7 or TLR8 with synthetic nanoparticles could mimic the robust immune responses triggered by viral infection through efficient and localized activation of innate immune responses. Here we develop lipid-like materials, termed "lipidoids" (27) , specifically capable of inducing robust isRNA-mediated TLR stimulation. We detail how lipidoid-isRNA nanoparticles can be synthesized, screened, and formulated to enhance humoral and cell-mediated immunity. Further, we discuss evidence supporting a mechanism of cell-specific targeting and MyD88-dependent activation of TLRs by lipioid-isRNA nanopartcles in vitro and in vivo.
Results
In Vitro Screening of Lipidoids Capable of isRNA Delivery. A preliminary library of lipidoid molecules was generated by combinatorial addition of alkyl-acrylate or alkyl-acrylamide tails to primary or secondary amine-containing cores (Fig. S1A) following a simple solvent-free synthesis (Fig. S1 B and C) . Lipidoid compounds are named according to the tail composition (designated by two letters) followed by number of tails if purified (in parentheses) and then by the amine core (designated by number) as described in Fig. S1 . The 96 different lipidoid synthesis reactions (Table S1) included a variety of carbon alkyl tail lengths and amine-core structures. Lipidoid-RNA complexes were formed at four different mass ratios of lipidoid to RNA (15, 10, 5, 2.5 to 1) and screened in vitro for delivery in human peripheral blood mononuclear cells (PBMCs) using a high-throughput cell-based assay that detects type I IFN (28) . The short single-stranded guanineuracil (GU)-rich R-006 isRNA oligonucleotide has been shown to be an active TLR7 and TLR8 agonist inducing production of IFN-α and Th1-type cytokines across multiple species including human and mouse (29) . To control for direct lipidoid-mediated immunostimulatory activity or toxicity, we also performed negative screening against the control R-1263 sequence ssRNA oligonucleotide, which has similar structure to R-006 but exhibits low TLR7 and TLR8 activity (29) .
Many of the lipidoid-RNA complexes tested exhibited some level of immunostimulatory activity ( Fig. 1 and Fig. S2 ). Almost 900 different conditions were tested that included different lipidoids with isRNA or control RNA at various lipidoid/RNA ratios. Of these, 106 conditions generated activity greater than half that of lipofectamine (L2K), which was used to normalize activity across donor PBMC batches. Although too toxic for in vivo administration, L2K has proven to be an effective transfection agent in vitro and a useful delivery screening benchmark (27) . Excluding lipidoid formulations that were immunostimulatory with both the R-006 and R-1263 sequences, 14 distinct lipidoid materials were found to have activity equal to or greater than that of L2K combined with R-006. The 100-core diamine (Fig. S1A ) was highly represented in this active subset. Of the seven 100-core lipidoid products tested, five enabled efficient delivery of R-006 including the top three lipidoid compounds at any weight ratio (Fig. 1, Fig. S2, and Fig. S3A ).
Second-Generation Lipidoids Based on the 100-core. The 100-core has two primary amines that each can be substituted with up to two alkyl tails each for a total of four possible substitutions. A second-generation set of 100-core lipidoids incorporating short chain lengths and mixed alkyl chains was synthesized and evaluated for potential to deliver isRNA. We focused on three-and four-tail versions of the 100-core based on prior work indicating that fully (n) and partially (n-1)-substituted lipidoids exhibit the most efficient siRNA delivery (27) . These 100-core lipidoids were synthesized by stepwise substitution of each primary amine ( Fig. S1D ) with a mixture of ND and NA tails, further identified as lipidoid "I" (I-3, three tails, and I-4, four-tails), or a mixture of ND and LD tails, further identified as lipidoid "II" (Fig. 2) . Purified lipidoids I-3 and II-3 were soluble in sodium acetate whereas lipidoids I-4 and II-4 were insoluble in aqueous solutions. Upon repeat screening in vitro, lipidoids I and II exhibited high levels of isRNA delivery that were RNA specific and greater than that of ND(5)-98-1 (Fig. S3B ), a lipidoid material previously shown to have high capacity for siRNA delivery in vitro and in vivo (27) . Thus, the 100-core and second-generation derivatives were further investigated for in vivo isRNA delivery.
In Vivo Optimization of Lipidoid-RNA Nanoparticles. Previous work has demonstrated that formulation parameters and lipidoid∶ RNA (L∕R) ratio can affect in vivo performance of lipidoid nanoparticles (23, 26, 30) . To increase solubility and stability, lipidoids at 10∶1, 11.5∶1, or 15∶1 L/R ratio were formulated with poly(ethylene-glycol) (PEG) and cholesterol (Ch) and extruded through 80 nm pores to generate nanoparticles. The particles were then either lyophilized or dialyzed to remove ethanol. Lyophilized nanoparticles under the conditions tested were found to have a heterogeneous size distribution into the micron range and aggregated after resuspension in HBSS (Table S2 ). Dialyzed nanoparticles remained stable in size below 200 nm for up to 1 mo (Table S3) .
Nanoparticles of multiple different lipidoids encapsulating R-006 RNA were screened by s.c. injection in BALB/c mice, and the time course of IFN-α, interferon gamma-induced protein 10 (IP-10), and IL-6 induction was monitored over 24 h (Fig. S4 A  and B) . These cytokines were selected as markers of PDC (IFN-α and IP-10) and MDC (IL-6) activation (31, 32) and have been previously observed in response to R-006 RNA (29) . N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate (DOTAP) has previously been used to facilitate cellular uptake and to investigate isRNA effects in vivo (18, 21) . Lipidoids I-4 and II-4 consistently outperformed DOTAP and ND(5)-98-1. In direct comparisons, the dialyzed formulations of second-generation 100-core lipidoids I-4 and II-4 at a 15∶1 L/R ratio had the highest propensity for cytokine induction (Fig. 3) . Furthermore, T, B, and NK cells were all activated in response to both I-4 and II-4 lipidoid nanoparticles (Fig. S4C) . Both I-4 and II-4 nanoparticles exhibited dose-dependent immunostimulation following s.c. administration (Fig. S4D) . Thus, dialyzed lipidoid-RNA nanoparticles (LRNP) of lipidoids I-4 and II-4 at an L/R ratio of 15∶1 were used for all subsequent in vivo investigations.
Increased Innate and Adaptive Immune Responses. We investigated clinically relevant endpoints in two mouse models of innate immune activation addressing antiviral and vaccine adjuvant properties. Because LRNP-II induced the greater amount of IFN-α secretion, these nanoparticles were tested in an established in vivo model of influenza infection previously shown to be sensitive to isRNA-triggered interferon and cytokine responses (23) . LRNP-II were formulated with R-006, R-1263, or without RNA ,   NF100  NG100  ND100  ND95  NG87  ND96  NG96  NG61  LF96  ND99  QF80  NF86  LG76  LF100  ND109  LF99  L2K  NF103  QF86  NG86  LG96  NP87  ND98  QF87  NG103  ND20  NP62  NF95  LF94  QD94  QG100  NF109  LF109  NF61  QF91  NG64  NP103  NF87  QG87  ND28  NP86  NF99  ND25  LD87  NF96  QD99  NP96  NF63  NF60  NF70  NP63  NP109  NF64  ND24  NG77  LB100  NG95  LB109  QD109  NG99  NF98  ND61  NH103  NH100  NG109  NH61  NG20  NH109  NH99  NH28  NH98  NH95  NF28  NP98  NG28  NP95  NF91  NG32  NH20  NG98  LD31  NH32  NH96  LF93  LF95  NP99  LF31  ND94  NF32  ND66  NF20  ND36  NF25  LF103 LG93 BLANK ND32 LG31 (5, 34, 35) and one is now in phase 3 testing in a hepatitis B vaccine (Heplisav, Dynavax). Immunization with LRNPs increased the magnitude of Ova-specific IgG by 3 to 4 log orders compared to immunization with protein alone (Fig. 4B) . A significant increase in total IgG was observed for LRNP-I with both R-006 and R-1263, but for LRNP-II only immunization with R-006 RNA resulted in statistically greater levels of IgG antibody. Vaccination with either LRNP resulted in an increase in both IgG1 and IgG2c subclasses compared to protein alone (Fig. S5A) . The increase in Th1-biased IgG2c subclass was notable compared to immunization with Ova protein alone although not as striking as it was for Ova mixed with CpG-ODNs, which have previously been shown to induce a strong Th1 bias (36, 37) . LRNP adjuvants also increased absolute IgG2c titers, but preserved the Th2-associated IgG1 bias of protein vaccination alone.
More strikingly, LRNP also greatly enhanced cell-mediated immune responses to Ova. Both LRNP-I+R-006 and LRNP-II +R-006 induced greater numbers of splenic Ova-antigen-specific CD8 þ T cells than either CpG ODN 1826 or DOTAP+R-006 complexes, and all LRNP formulations increased antigen-specific
CD8
þ T cells to levels greater than that with Ova vaccination alone (Fig. 4C ). Using CpG ODN on its own as used here may be suboptimal for adjuvant effect as greater immunogenicity has been demonstrated in mice when CpG ODN is combined with an additional adjuvant possessing delivery properties (34, 37, 38) . At low dose (10 μg) of LRNP-II nanoparticles, the increase in percentage of reactive CD8+ positive Tcells was significantly greater with the R-006 RNA than R-1263. However, for LRNP-I the percentage of reactive CD8+ positive T cells was large but not significantly different between active R-006 and control R-1263 RNA. In vitro restimulation of splenocytes from vaccinated animals resulted in large increases in the Ova-specific secretion of the Th1-biasing cytokines IFN-γ and IL-2 (Fig. S5B) . Increases of the Th2-associated cytokines IL-10 and IL-4 were also observed.
Characterization of Innate Immune Activation. LRNP-II exhibited 10-fold greater IFN-α and IP-10 responses than LRNP-I nanoparticles, which potently activated IL-6 following s.c. injection (Fig. S4D) . We hypothesized that the lipidoid-specific cytokine profiles observed were due to preferential uptake and activation of different cell types following s.c. administration. We compared delivery of isRNA to primary monocytes or PDCs isolated from human PBMCs using lipidoids I-3 and II-3, the three-tailed versions of I and II that had greater isRNA activity in vitro (Fig. S3B ). Lipidoid I-3 complexed with R-006 induced type I interferons from isolated CD14+ cells (i.e., monocytes), but not from isolated PDCs (Fig. S6B) . Conversely, lipidoid II-3 complexed with R-006 induced large amounts of type I interferon production in PDCs but considerably less from CD14+ cells (monocytes).
After i.v. injection in the 129sv strain of mouse, LRNPs activated more robust responses than the s.c. route, and isRNA specificity was observed in stimulation of serum IFN-α and IP-10 with almost no activity of the control R-1263 RNA (Fig. S6A) . However, LRNP formulated with R-1263 did induce IL-6 when injected i.v. raising concerns for increased nonspecific activation with i.v. injection, and this observation was most pronounced at the earliest time points with LRNP-I. We thus further investigated directly the role of TLRs in differential recognition of LRNPs.
The TLRs utilizing the common MyD88 pathway are TLR1, TLR2, TLR5, TLR6, TLR7, TLR8, and TLR9 (11) . Because knock-out mice for all the TLRs were not readily available, we investigated TLR-specificity of LRNP-I in vitro in a human cell line stably expressing human TLRs. HEK293 cell lines stably expressing human TLRs 2, 3, 4, 5 or 6 were incubated with LRNP + R-006 without observation of any TLR-mediated activity above background (Fig. S6C ). HEK293 cells stably transfected with TLR8, and TLR7 to a lesser extent, exhibited dose-dependent activation by LRNP-I incorporating R-006 RNA (Fig. S6D ).
LRNP were also investigated in knock-out mouse models of the MyD88, TLR4, TLR7, and TLR9 genes and compared to wild-type (WT) controls on matched backgrounds (Fig. 5 ). Production of IFN-α, IP-10, and IL-6 were all dependent on MyD88 signaling for both LRNP-I and LRNP-II. However, only IFN-α and IP-10 production were also dependent upon TLR7. In the C57BL/6 strain, we observed that IL-6 production in response to LRNP-II was RNA specific and completely dependent upon TLR7. However, IL-6 activation in the same strain by LRNP-I appears to be only partially TLR7-dependent at a 50 μg RNA dose i.v. Further, IL-6 activity was completely abolished regardless of RNA without MyD88 signaling (Fig. 5) . Incomplete reduction in IL-6 for LRNP-I + R-006 nanoparticles was observed in TLR − ∕− mice, and no inhibition was observed for LRNP-I + R-1263 nanoparticles. TLR4 and TLR9 were not required for cytokine production for either LRNP with either RNA, indicating that neither LPS nor immunostimulatory DNA contamination was responsible for IL-6 induction. Given the differences in vaccine responses observed for LRNP-I compared to LRNP-II, we further investigated LRNP-I adjuvant properties in mice deficient in MyD88. Antigen-specific responses following immunization revealed a marked dependence upon MyD88 for increasing both cell-mediated and humoral immunity. Compared to wild-type controls, the humoral response of MyD88 −∕− mice exhibited reduced generation of total IgG titer for CpG ODN, lipidoid nanoparticles, and DOTAP-RNA complexes but not Ova antigen alone or polyI:C (Fig. S7A ). MyD88 −∕− mice also exhibited complete loss of class switching to IgG2c (Fig. S7B ) except for polyI:C. Additionally, a diminished cell-mediated response in MyD88 −∕− mice was observed with reduced antigenspecific cytotoxic T lymphocyte activity (Fig. S7C ) and overall decreased numbers of antigen-specific T cells (Fig. S7D ).
Discussion
Many groups have focused on strategies to chemically or physically alter nucleic acids such as siRNAs (25, 26, (39) (40) (41) to increase serum stability or render them immuno-silent; however, to our knowledge the development of delivery systems to intentionally enhance isRNA activity has not been reported. Here we develop a library of lipidoid materials for delivery of isRNA. These materials were able to condense isRNA molecules into nanoparticles and deliver isRNA molecules into endosomes of immune cells where they could trigger TLR-mediated responses. The RNA delivery systems reported herein have been specifically designed to incorporate these functionalities for the purpose of isRNA delivery.
Analysis of the chemical structures of lipidoids most efficient for isRNA delivery revealed that the isRNA delivery functionality was correlated with certain amine-core structures. Materials based upon the same cores (e.g., 100, 86, 87) exhibited similar properties ( Fig. 1 and Fig. S2 ). It has been previously theorized that charge interaction is responsible for the nucleic acid packaging, release, and the endosomal escape properties of polyamines and positively charged lipids (25, 42) . Following particle uptake, we hypothesize that the chemical properties of the available amines influence the intracellular location of release of the isR-NA in such a manner that the isRNA payload remains within the endosome. Materials highly efficient for DNA delivery and RNA interference likely facilitate endosomal escape and thus may be poor agents for delivery of isRNA to TLRs in the endosome. Consistent with this hypothesis, lipioids previously found useful for delivery of double-stranded small interfering RNAs (27) (e.g., ND(5)-98-1) were not as useful for delivery of isRNA. Structures based upon the diamine core 100 were the most efficient in isRNA delivery across a variety of tail lengths. Additionally, lipidoids based upon the structurally and chemically similar 86 and 87 cores were highly immunostimulatory even with control RNA (Fig. S2A ) possibly due to toxicity or direct TLR interaction.
Whereas the core material appears to be the major determinant of isRNA activity, it is clear that the alkane tails also influence delivery properties of the formulated nanoparticle (Fig. S3A ) including cell-specific targeting. Tail chemistry can also influence the ability of a lipid to destabilize a cellular or endosomal membrane thus modifying rate of endosomal retention and release (25, 30) . Further, our experience with lipidoids has shown that different taillengths or mixtures can result in unexpectedly enhanced functionality (43, 44) . Thus, by screening and iteration based upon these design principles, we were able to explore a large chemical/functional space resulting in two novel 100-core lipidoids with mixed tails (I and II) highly efficient for isRNA delivery (Fig. 3, Fig. S4 ).
Although they both contain the same 100-amine core, lipidoids I and II exhibited differential patterns of innate immune activation suggestive of delivery to different cell types or different signaling pathways. The type I IFN and IP-10 production pattern associated with LRNP-II may be indicative of delivery of R-006 to TLR7 in PDCs. In humans and mice IFN-α is mostly produced by PDCs in responses to ssRNA activation of TLR7 although MDCs and monocyte-lineage cells can also secrete IFN-α with less potency (9, 45) . IP-10 (CXCL10) is also produced primarily by PDCs through TLR7 in a ssRNA-dependent manner (6, 18, 32) . However, IL-6 is primarily produced by MDCs, monocytes, and moDCs upon stimulation (9) , though it can also be produced by murine PDCs in response to viral ssRNA (6, 18) . Thus the activity of lipidoid I in terms of high IL-6 production is consistent with isRNA delivery preferentially to moDCs or MDCs. This hypothesis is further supported by the observation of cell-typespecific isRNA-mediated activation in vitro in human peripheral blood PDCs and monocytes (Fig. S6B) . The LRNP may activate more than one TLR. In the mouse, cell-specific segregation of TLR7 is less distinct than it is in humans (8, 11, 18) ; TLR7 is well-expressed in mouse MDCs and moDCs. Both IFN-α and IP-10 production were clearly TLR7-and MyD88-dependent in mice (Fig. 5) confirming an isRNAspecific TLR7-mediated mechanism. Recently it has been shown that mouse TLR8, previously thought to be nonfunctional (6, 18, 19, 46) , can be activated under certain conditions (29, 47, 48) . We hypothesize that TLR8 may play a partial role in LRNP-I isRNAmediated activation of IL-6. In support of this hypothesis both TLR7 and TLR8 showed clear activity in response to LRNP-I stimulation in a human cell culture TLR-overexpression model (Fig. S6D) whereas the remaining MyD88-dependent TLRs were not stimulated (Fig. S6C) . The IL-6 production induced by lipidoid-mediated isRNA delivery in TLR7-deficienct mice but not MyD88-deficient mice (Fig. 5 ) also indicates a possible role for isRNA stimulation of another MyD88-dependent receptor although no TLR8 −∕− mouse model was available to directly test the role of TLR8 responses to LRNPs in vivo. Together these data indicate roles for TLR7 and another MyD88-dependent function, possibly TLR8, for the induction of IL-6 by LRNP-I.
Prophylactic administration of LRNP-I resulted in suppression of influenza virus replication in the mouse lung (Fig. 4A ) specific to the immunostimulatory activity of R-006 RNA. These data indicate that s.c. injections of lipidoid-encapsulated isRNA can achieve sufficient systemic innate immune stimulation to combat viral infection. Because they activate the same receptors as viruses resulting in a variety of cytokines and interferons, lipidoid isRNA delivery may resemble the innate response to infection by RNA viruses. Imiquimod, a TLR7/8 agonist, has seen extensive (49) , however, adverse immunologic events related to widespread biodistribution were observed at therapeutic doses (50, 51) including unacceptable toxicity in a human trial of oral imiquimod (52) . No adverse effects were observed in mice injected with LRNPs in this study, though long-term and dose-response effects of LRNP administration need to be investigated. A restricted delivery approach such as LRNPs may limit the systemic distribution by localizing initiation of immune responses to the application site and draining lymph nodes as well as targeting uptake to specific cell types. Thus the endogenous antiviral-like response activated by LRNPs may be an attractive alternative therapy for conditions currently treated with recombinant IFN-α regimens.
The development of vaccine adjuvants that increase both humoral and cell-mediated immune responses by targeting TLRs represents a promising approach for the field of vaccine development (3, 5, 10) . A hallmark of this cellular immunity is expansion of antigen-specific CD8 þ T cells, which was increased by immunization with either LRNP-I or LRNP-II (Fig. 4C) . LRNP adjuvants increased secretion of Th1-biasing cytokines upon restimulation (Fig. S5B) , which are associated with control of intracellular pathogens (2) and cancers (7) . Efficient T-cell activation with multifunctional quality can lead to memory responses that confer protective immunity for long periods of time (1, 14, 53) . Further studies will be necessary to evaluate the memory function and quality of T-cell responses to protein vaccines adjuvanted by LRNPs.
Class switching and production of IgG2c in B-cells and efficient antigen-specific T-cell induction requires activation of MyD88 (54) . If the adjuvant mechanism of LRNP-I was completely due to activation of TLR-dependent innate immune responses, then these responses would be expected to be dependent upon MyD88. However, comparison of vaccine responses in wild-type and MyD88-deficient mice showed that although loss of MyD88 markedly reduced both cell-mediated and humoral immune responses, some adjuvant activity was maintained particularly with respect to generation of (non-IgG2c) IgG antibodies (Fig. S7B) indicating an additional role of a non-MyD88-dependent adjuvant effect. Commonly used adjuvants including alum, Freund's adjuvant, and squalene increase immune responses by both enhancing innate immune responses (4) and sustaining antigen availability and presentation in draining lymph nodes (55) . Thus, in addition to providing isRNA-mediated innate signals, lipidoid nanoparticles may also enhance the delivery of protein antigens or TLR agonists to tissue-resident and lymphatic dendritic cells (55) thereby increasing vaccine responses.
In conclusion, combinatorial chemistry and high-throughput screening methods have enabled development of libraries of materials for isRNA delivery that provide for specific activation of immune responses. We report the development of unique delivery systems specifically designed to deliver isRNA in the context of a vaccine adjuvant or for use in immune prophylaxis against viral infection. Here we have directly shown LRNPs to be more efficient for isRNA delivery than currently available agents such as lipofectamine, DOTAP, or even the previously reported lipidoid ND(5)-98-1 (23, 27) . Immunostimulatory RNA delivery to PDCs using formulations such as LRNP-II may be useful for antiviral applications, whereas delivery using LRNP-I may be most useful for activating monocytes and MDCs to enhance vaccine responses. Our screening revealed two promising candidate materials for future development, and further refinement of lipidoid design and nanoparticle formulation techniques may lead to even more specific and robust effects. Further development of such vehicles for controlled TLR7 and 8 stimulation, including additional optimization and safety assessment in larger animals, may have future clinical utility.
Materials and Methods
A summary of experimental techniques is presented here. For full details and methods, please see the SI Materials and Methods.
Lipidoid Synthesis and High-Throughput Screening for isRNA Delivery. Lipidoids were synthesized in a combinatorial fashion as depicted in Fig. S1 as previously described (27) by reacting primary and secondary amine-containing cores with alkyl-acrylate or alkyl-acrylamide tails. A complete list of crude lipidoids screened is found in Table S1 . Second-generation lipidoids based on the 100-core diamine were synthesized in a four-step process (Fig. S1D) and renamed lipidoids I and II for clarification. Lipidoid products were complexed with RNA in sodium acetate at 15, 10, 5, and 2.5 : 1 mass ratios of lipid to RNA. RNAs R-006 or R-1263 were fully phosphorothioate-modified, 20-base, ssRNA synthesized by Coley Pharmaceuticals with sequences as previously described (29) . PBMCs were isolated from donor-blind buffycoat packs obtained from the Massachusetts General Hospital blood bank. Complexes were added to PBMCs, plated at 5 × 10 5 cells∕well, for a final RNA concentration of 200 ng RNA per well (1 μg∕mL, approximately 140 nM). Additionally, PBMCs were incubated with R-006 and L2K, according to manufacturers siRNA transfection protocols, to control for donor PBMC variability in maximum type I IFN secretion capacity. After 16-20 h of incubation, PBMC supernatants were stored at −80°C for later quantification of type I interferon activity using a high-throughput cell-based detection assay as previously described (28) .
Formulation and Characterization of Lipidoid-RNA Nanoparticles. Purified lipidoid was codissolved in ethanol with cholesterol and C16 mPEG 2000 ceramide at a 15∶0.8∶7 mass ratio (L∶C∶P) in a mixture of ethanol and sodium acetate. Lipidoid/Ch/PEG were added to RNA at a 15, 11.5, or 10∶1 mass ratio (L∶R). Lipidoid-RNA nanoparticles were then extruded through a double 200 nm membrane and then twice through a double 80 nm membrane (Whatman) on a Northern Lipids extrusion system at 40°C. Prior to injection, nanoparticles were either dialyzed at 3,500 molecular weight cutoff in HBSS or lyophilized with 10 mg∕mL sucrose. Final RNA concentration was determined by modified Ribogreen (Invitrogen) assay. No bacterial endotoxin was detected by limulus amebocyte lysate assay (Lonza) in any batches of nanoparticles.
In Vivo Characterization of Innate Immune Responses. All animal studies, except for influenza prophylaxis studies, were conducted at Coley Pharmaceuticals (now Pfizer Canada) under the approval of the institutional care committees and in accordance with the guidelines set forth by the Canadian Council on Animal Care. Mouse studies of influenza prophylaxis were conducted at the Massachusetts Institute of Technology (Cambridge, MA), where animals were cared for according to the guidance of the Division of Comparative Medicine. Animals were monitored for the duration of all experiments for adverse behavior or decrease in normal activity that might indicate toxicity or adverse inflammatory responses. Lipidoid-RNA nanoparticles were formulated with either R-006 or R-1263 RNA at 15∶1 ratio (lipidoid to RNA), dialyzed to remove ethanol, and diluted in HBSS prior to injection under isofluorane anesthesia. Lipidoid nanoparticles were injected s.c. or by i.v. tail vein injection in 129Sv mice at indicated doses. Serum samples were analyzed for levels of IFN-α and cytokines at indicated time points. TLR-mediated responses were investigated following i.v. injection in TLR-deficient or geneticbackground-matched WT controls. Prophylaxis of influenza infection models was conducted as previously described (23) . Briefly, lipidoid-RNA nanoparticles were injected s.c. at 50 μg RNA per mouse. After 9 h, mice were infected by intranasal instillation with 12,000 pfu influenza A virus A/PR/8/34 (PR8). Lungs viral titer was quantified at 24 h after infection. Adjuvant studies of lipidoid I and II isRNA nanoparticles were performed by mixing indicated doses of lipidoid-formulated RNA with 20 μg chicken Ova immediately prior to i.m. injection into C57Bl/6 mice or MyD88 −∕− on the C57Bl/6 background. Mice were dosed at days 0, 14, and 21, then blood and splenocytes were collected at day 28. Plasma anti-Ova total IgG, IgG1, and IgG2c were determined by sandwich ELISA. Splenocytes were assessed using a chromium release assay for cytotoxic T cells and flow-cytometry-based tetramer analysis for quantifying antigen-specific T cells as previously described (56 Combinatorial Lipidoid Synthesis. Lipidoids (2) were synthesized, as previously described, in a combinatorial fashion as depicted in Fig. S1B in solvent-free conditions by reacting primary and secondary amine-containing cores (Fig. S1A, Right) with alkyl-acrylate or alkyl-acrylamide (Fig. S1A, Left) tails at a high tail-to-core monomer ratio to drive synthesis of fully (n)-substituted lipidoids. Lipidoid products were purified of unreacted core and side-chain reactants resulting in crude mixtures of fully and incompletely substituted lipidoids by silica gel chromatography. Some alkylacrylate-tail lipidoids were further reacted with methyl iodide (MeI) (Fig. S1C) to form quaternized amines with a permanent positive charge.
Second-generation lipidoids were synthesized in a four-step process (Fig. S1D) . The 100-core diamine was monoprotected by reacting 10x molar excess pure diamine with di-tert-butyl dicarbonate (Boc 2 O). ND tails were reacted with the free primary amine in excess prior to deprotection and regeneration of the opposite primary amine resulting in ND (2) Table S1 .
High-Throughput Screening for Lipidoid-Mediated Immunostimulatory RNA (isRNA) Delivery. Donor-blind buffy-coat packs were obtained from the Massachusetts General Hospital blood bank. Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll-Paque Plus (Amersham Biosciences) density centrifugation. PBMCs were resuspended in supplemented RPMI medium 1640 (RPMI medium 1640 with 10% FCS, 1 mM MEM sodium pyruvate, 10 mM Hepes, and 100 U∕mL penicillin/streptomycin) and plated at 5 × 10 5 cells∕well in 175 μL in 96-well tissue culture plates. Lipofectamine 2000 (L2K) (Invitrogen) was used as a positive control for transfection of RNA according to manufacturer's protocols and to normalize interferon responses across different donors.
Crude or purified lipidoid products were dissolved to 0.5 mg∕mL in 25 mM sodium acetate (pH 5), followed by brief sonication. For lipidoids with poor solubility, up to 10% DMSO was added to stock lipidoid solutions. RNA was dissolved to 50 μg∕mL in sodium acetate. Lipidoids were arrayed in 96-well round-bottom reaction plates and mixed at 15, 10, 5, and 2.5∶1 mass ratios of lipid to RNA for 80 μL total volume. After 20 min incubation at room temperature to allow for nanoparticle complexes to form, complexes were diluted with 120 μL RPMI medium 1640. In quadruplicate, 25 μL of diluted complexes were added to PBMCs for a final RNA concentration of 200 ng RNA per well in 200 μL media (1 μg∕mL approximately 140 nM) . After 16-20 h of incubation, PBMC cultures were centrifuged at 400 × g relative centrifugal force (rcf) for 10 min, and supernatants were stored at −80°C for later quantification.
Type I interferon activity was quantified using a high-throughput (HT)-compatible cell-based detection assay as previously described (3). Briefly, 293T-ISRE-RFP cells were incubated with 50 μL PBMC supernatant overnight prior to HT-FACS analysis of red fluorescence. Recombinant human interferon alpha (h IFN-α) (PBL Laboratories) serially diluted in supplemented RPMI medium 1640 was used as a standard, and type I interferon activity of each screening well was normalized to L2K-mediated transfection with R-006 to control for donor PBMC variability in maximum type I interferon secretion capacity.
Formulation and Characterization of Lipidoid-RNA Nanoparticles.
Purified lipidoid was dissolved to 120 mg∕mL in ethanol. Cholesterol (Ch) (Sigma Aldrich) was dissolved to 25 mg∕mL in ethanol. N-palmitoyl-sphingosine-1-[succinyl(methoxypolyethylene glycol)2000] (C16 mPEG 2000 ceramide) (PEG) (Avanti Polar Lipids) was dissolved to 100 mg∕mL in ethanol. Lipidoid, Ch, and PEG were combined at a 15∶0.8∶7 mass ratio (L∶C∶P), vortexed briefly, and diluted in a mixture of ethanol and 200 mM sodium acetate (with 16.67 mg∕mL sucrose for lyophilization) for a final lipidoid concentration of 7.5 mg∕mL in 35% ethanol, 65% sodium acetate. RNAs were resuspended in water to 10 mg∕ mL and diluted with 35% ethanol. Lipidoid/Ch/PEG were added to diluted RNA at a 15, 11.5, or 10∶1 mass ratio (L∶R) and vortexed for 20 min to allow complexes to form. Complexed lipidoid-RNA nanoparticles were extruded once through a double 200 nm membrane and then twice through a double 80 nm membrane (Whatman) on a Northern Lipids extrusion system at 40°C. To remove ethanol prior to injection, nanoparticles were dialyzed in a Slide-A-Lyzer 3500 molecular weight cutoff dialysis cassette (Pierce Biotech) against HBSS. For lyophilization, 10 mg of sucrose was added per milliliter of extruded complexes prior to freezing at −80°C for >2 h followed by >1 d lyophilization.
For quantification and encapsulation efficiency of RNA, a 50 μL sample of nanoparticles was diluted 200-fold in Tris-EDTA buffer (TE), mixed with either 50 μL of TE buffer or 50 μL of 2% Triton-X-100 (T-X) in TE, and incubated with 100 μL Quant-It Ribogreen reagent (Invitrogen) for 20 min at 37°C in a 96-well black plate. Total fluorescence in the presence of T-X was compared to a standard curve of RNA diluted in TE to determine total RNA concentration; RNA encapsulation efficiency was determined by the ratio of fluorescence signal without T-X and with T-X. Nanoparticle size and zeta potential of formulated lipidoid-RNA nanoparticles was assayed by dynamic light scattering using a Zeta-PALS instrument (Brookhaven Instruments) after 1∕50 dilution in PBS or with a Mastersizer instrument (Malvern Instruments) after dilution in HBSS. No bacterial endotoxin was detected by limulus amebocyte lysate assay (Lonza) in any batches of nanoparticles.
In Vitro Characterization of Innate Immune Responses. Human PBMCs were collected as described above and further purified into PDC (BDCA2 þ ) and monocyte (CD14 þ ) populations by positive selection with magnetic-assisted sorting according to manufacturer's protocols (Miltenyi Biotech). Cells were then incubated for 24 h with three-tail lipidoid-RNA nanoparticles formulated for in vitro transfection. Supernatants were analyzed for type I interferon activity by cell-based 293T-ISRE-RFP assay as described above.
A reporter plasmid expressing luciferase controlled by multiple Nf-κB-inducible promoter regions, pNifty-Luciferase (Invivogen), was transfected into HEK293T cell lines stably expressing indicated human TLRs (Invivogen). These cells were stimulated in vitro with lipidoid I-4 + isRNA nanoparticles at 4 μg∕mL RNA for HEK293Tcells expressing TLR2/6, TLR3, TLR4, TLR5, or TLR9; or at a range of RNA concentrations for HEK293T cells expressing TLR7 or TLR8. As positive controls, cells were also stimulated with known TLR-specific ligands: synthetic diacylated lipoprotein FSL-1 (TLR2/6), poly(I:C) (TLR3), lipopolysaccharide (LPS) (TLR4), flagellin (TLR5), garadiquimod (TLR7), CL097 (TLR8), CpG oligodeoxynucleotide 2395 (TLR9); all purchased from Invivogen and used at manufacturer's recommended concentrations. Luciferase activity was determined after 24 h using the Bright-Glo assay (Promega) according to manufacturer's protocols.
In Vivo Characterization of Innate Immune Responses. To further investigate RNA-specific immune responses, lipidoid-RNA nanoparticles were formulated with either R-006 or R-1263 at 15∶1 ratio (lipidoid to RNA), dialyzed to remove ethanol, and diluted in HBSS prior to injection under isofluorane anesthesia. All animal studies, except for influenza prophylaxis studies, were conducted at Coley Pharmaceuticals (now Pfizer, Canada; Ottawa, ON, Canada) under the approval of the institutional care committees and in accordance with the guidelines set forth by the Canadian Council on Animal Care. Mouse studies of influenza prophylaxis were conducted at the Massachusetts Institute of Technology (Cambridge, MA). Male 129Sv mice were purchased from Taconic Farms and cared for according to the standards of the Massachusetts Institute of Technology under the guidance of the Division of Comparative Medicine. Animals were monitored for the duration of all experiments for adverse behaviors, which might indicate toxicity or adverse inflammatory responses, such as shivering, abnormal secretions, lethargy, decreased social interactions, or decrease in normal activity.
Formulated lipidoid-RNA nanoparticles, or blank nanoparticles without RNA at an equivalent total lipidoid dose, were diluted in HBSS prior to subcutaneous injection of 25 μg RNA in each flank under isofluorane anesthesia for a total dose of 50 μg RNA per mouse. After 9 h, mice were anesthetized with a mixture of ketamine (1 wt%) and xylazine (0.15 wt%) in PBS by i.p. injection. Mice were immediately infected by intranasal instillation with a supralethal dose of 12,000 plaque-forming units (pfu) of influenza A virus A/PR/8/34 (PR8) strain diluted in PBS with 0.3 wt% BSA and 100 U∕mL penicillin/streptomycin. Mice were sacrificed 24 h after infection, whole lungs were flash frozen in 2 mL of PBS/BSA solution in liquid nitrogen, and lungs were subjected to two freeze-thaw cycles followed by sonication. Virus was extracted from lung homogenates after centrifugation at 800 × g rcf. Viral titer in harvested lungs was determined by plaque-forming assay. Madine-Darby canine kidney cells were seeded at 0.5 × 10 6 cells∕well in six well plates in DMEM (with 10 mM Hepes, 10% FBS, 100 U∕mL penicillin/streptomycin, 2 mM glucose) and allowed to grow to single-layer confluence overnight. Media was aspirated from wells, and 200 μL of viruscontaining samples serially diluted 10-fold in PBS were added onto cells in triplicate. Following a 1 h incubation period with periodic shaking to distribute viral particles evenly, cells were covered with 2 mL of semisolid 1% agar/media solution to limit viral particle spread to cell-to-cell contacts. Plaques were counted after 3 d.
Innate immune responses of multiple lipidoid formulations with R-006 RNA were compared after s.c. injections at increasing doses in BALB/c mice or i.v. tail vein injection in 129Sv mice. TLR-mediated responses were investigated following i.v. injection in C57Bl/6, C57Bl/6 TLR7 −∕− , C57Bl/6 TLR9 −∕− , C57Bl/6 MyD88 −∕− , C3H, or C3H TLR4 −∕− . As a control, DOTAP [1,2-dioleoyloxy-3-(trimethylammonium)propane] (Roche) was complexed with RNA at a 2 : 1 weight ratio (L∶R). Blood samples for serum isolation were taken by direct cardiac puncture on heparin at indicated timepoints. Serum samples were analyzed by ELISA with commercially available antibodies (IFN-α, PBL Labs) (IP-10, BD Pharmingen) or 10-plex Luminex technology (BioSource International). Splenocytes were also harvested for surface expression of activation markers by staining with anti-CD69-FITC, anti-CD86-APC, anti-CD3-PE/Cy7, anti-CD19-ECD, and anti-DX5-PE. Cytolytic activity of NK cells was measured by chromium release following in vitro incubation of splenocytes with YAC-1 target cells at indicated effector:target ratios.
Adjuvant studies of lipidoid-RNA nanoparticles were performed by mixing indicated doses of lipidoid-formulated RNA with 20 μg chicken ovalbumin (Ova) protein antigen immediately prior to i.m. injection into C57Bl/6 mice or MyD88 −∕− on the C57Bl/6 background. Mice were vaccinated with either Ova protein antigen alone, or Ova protein mixed with the TLR9 agonist CpG ODN 1826, the TLR3 agonist poly(I:C), or DOTAP-formulated RNA. Mice were dosed three times, at days 0, 14, and 21. After 28 d, blood was collected by direct cardiac puncture on heparin. Plasma antibody levels of anti-Ova total IgG, IgG1, and IgG2c were determined by sandwich ELISA. Splenocytes were also harvested at day 28 for flow cytometric analysis of surface expression markers and cytokine production. Splenocytes were directly stained for antigen-specific T-cells with anti-CD44-FITC, SIINFEKL-tetramer-PE, anti-CD8-ECD, anti-CD62L-APC, and anti-CD3-PE/Cy7. Separate aliquots of the same splenocyte samples were also independently stimulated in vitro with Ova protein in RPMI medium 1640 + 1% L-glutamine + 1% penicillin/streptomycin + 10% FBS + β-mercaptoethanol for 24 h. Supernatants were analyzed by ELISA after 24 h for IL-2, IL-4, IL-10, and TNFα, or after 72 h for IFN-γ. . Screening highlights immunostimulatory RNA delivery in vitro with 100-core lipidoids. (A) Type I interferon activity following human PBMC transfection with 100 core shown for all four weight ratios of lipidoid to RNA using immunostimulatory RNA R-006. Type I interferon activity was normalized to L2K delivery of R-006. Activity in vitro of all 100-core materials complexed with control RNA R-1263 was near or below detection limits. Lipidoid NH100 was insoluble in sodium acetate even after heating and sonication. Whereas NF100 had the highest activity of all lipidoids, the degradable version, LF100, was not as active. Further, quaternization of the degradable version of NG100 severely reduced delivery potential. (B) Structures and in vitro isRNA delivery characterization of second-generation lipidoids. Purified first-and second-generation lipidoids based on 100 core were screened in vitro for R-006 isRNA delivery with R-1263 RNA as a control. Fully substituted lipidoids (i.e., 100-core with four tails) were poorly soluble in sodium acetate. Type I interferon activity is normalized to transfection of R-006 with L2K (dotted line). ND20  NF20  NG20  NP62  NH20  LB100  QD94  ND24  NF25  NG28  NP63  NH28  LB109  QD99  ND25  NF28  NG32  NP86  NH32  LD31  QD109  ND28  NF32  NG61  NP87  NH61  LD87  QF80  ND32  NF60  NG64  NP95  NH95  LF31  QF86  ND36  NF61  NG77  NP96  NH96  LF93  QF87  ND61  NF63  NG86  NP98  NH98  LF94  QF91  ND66  NF64  NG87  NP99  NH99  LF95  QG87  ND94  NF70  NG95  NP103  NH100  LF96  QG100  ND95  NF86  NG96  NP109  NH103  LF99  ND96  NF87  NG98  NH109  LF100  ND98  NF91  NG99  LF103  ND99  NF95  NG100  LF109  ND100  NF96  NG103  LG31  ND109  NF98  NG109  LG76  NF99 LG96 NF100
LG93 NF103 NF109
Lipidoids are organized by tail length and type as indicated. Alkyl-acrylamide tails ranged from ND (12 carbons) to NH (18 carbons). The alkyl-acrylate tails ranged from LB (10 carbons) to LG (15 carbons). A subset of lipidoids incorporating alkyl-acrylate tails were also quarternized (Q) to hold a static positive charge.
